Beige adipocyte differentiation within white adipose tissue, referred to as browning, is seen as a possible mechanism for increasing energy expenditure. The molecular regulation underlying the thermogenic browning process has not been entirely elucidated. Here, we identify the zinc finger transcription factor EGR1 as a negative regulator of the beige fat program. Loss of Egr1 in mice promotes browning in the absence of external stimulation and activates Ucp1 that encodes the key thermogenic mitochondrial uncoupling protein-1. Moreover, EGR1 is recruited to the proximal region of the Ucp1 promoter in subcutaneous inguinal white adipose tissue.
Introduction
White fat browning is a mechanism that produces heat and limits weight gain. The understanding of the molecular regulation underlying white fat browning has sparked interest to counteract obesity.
The adipose tissue of humans and other mammals contains white adipose tissue (WAT) and brown adipose tissue (BAT). WAT and BAT are developmentally and functionally distinct and contain white and brown adipocytes, respectively (Berry et al., 2013; Bartelt and Heeren 2014; Harms and Seale, 2013) . More recently, a third type of adipocytes has been described within WAT, beige adipocytes. Morphological and molecular analyses showed that brown and beige adipocytes are remarkably similar and express the same thermogenic markers (Kajimura et al., 2015) . However beige adipocytes, in contrast to brown adipocytes, express thermogenic markers only after external stimulations, such as cold exposure, starvation, exercise or hormone treatment (Rosenwald et al., 2013) . In the adult, beige adipocytes are produced by the transdifferentiation of mature white adipocytes (Kajimura et al., 2015) or by de novo differentiation of progenitors (Wang et al., 2013) in response to external stimulations. This process is referred to as "browning" or "beigeing" (Bartelt and Heeren, 2014, Garcia et al., 2016) .
Because the increase of WAT is observed in many metabolic diseases, WAT browning represents a promising therapeutic approach. Consequently, it is crucial to decipher the molecular aspects underlying the beige differentiation program. Adipogenesis is triggered by a
Results and Discussion

Egr1 -/mice display inguinal subcutaneous white adipose tissue browning with no external stimulation
The subcutaneous inguinal white adipose tissue (SC-WAT) expands during the post-natal period (Cereijo et al., 2014) and is the largest white fat depot in mice (Shabalina et al., 2013; Waldén et al., 2012) . Egr1 expression in SC-WAT was detected in blood vessels ( Figure 1D , arrow a) as previously described (Khachigian et al., 1996) and in white adipocytes ( Figure 1D , arrows b,c).
The weight of SC-WAT fat pads was similar in Egr1 +/+ and Egr1 -/-4-month-old mice, although the total body weight was slightly reduced in Egr1 -/mice compared to control mice ( Figure 1A -C). SC-WAT from 1-month-old (post-natal) and 4-month-old (adult) Egr1 -/mice exhibited high number of beige adipocytes, labelled with UCP1, compared to Egr1 +/+ mice ( Figure 1E,F) .
Consistently, the Ucp1 mRNA expression levels were increased in Egr1-deficient SC-WAT compared to equivalent control SC-WAT ( Figure 1H ). The density of adipocytes increased in SC-WAT of Egr1 -/mice compared to Egr1 +/+ mice with a significant increase of the proportion of beige adipocytes and thus a reduction in the proportion of white adipocytes ( Figure 1G ). Cell counts are compatible with two mechanisms for WAT browning described in the literature (Kajimura et al., 2015 , Wang et al., 2013 , trans-differentiation of white adipocytes and proliferation of beige cells. The increase of Ucp1 transcript levels, of UCP1 protein and in the density of UCP1+ cells in SC-WAT of Egr1 -/mice ( Figure 1) is consistent with the UCP1 increase previously observed in Egr1 -/mice under high fat diet feeding (Zhang et al., 2013) . It has to be noted that there was no need of any high fat diet to observe Ucp1/UCP1 increase in SC-WAT fat pads of our Egr1 -/mice. We conclude that Egr1 deficiency promotes spontaneous WAT browning without external stimulation. These results indicate that the presence of Egr1 in white adipocytes represses WAT browning.
Molecular signature of inguinal subcutaneous white adipose tissue browning downstream of Egr1
In order to define the molecular signature underlying WAT browning downstream of Egr1, we performed RNA-sequencing of SC-WAT of 2-week-old Egr1 +/+ and Egr1 -/mice. 336 differentially expressed genes were significantly detected in Egr1-deficient SC-WAT compared to control SC-WAT. The 132 upregulated differentially expressed genes (Figure 2A The concomitant upregulation of beige differentiation genes and downregulation of ECM genes is a signature of WAT browning downstream of Egr1 deletion without any external stimulation.
Forced Egr1 expression in mouse mesenchymal stem cells reduces beige marker expression and promotes extracellular matrix gene expression
The spontaneous WAT browning in Egr1 -/mice and the direct transcriptional regulation of Ucp1 gene by EGR1 in SC-WAT suggested that EGR1 repressed beige adipocyte differentiation.
EGR1 gain-of-function experiments were performed in mouse mesenchymal stem cells, C3H10T1/2 cells, cultured under beige adipocyte differentiation conditions. Consistent with the increase in the number of adipocytes in SC-WAT of Egr1 -/- (Figure 1 ), we observed a decreased number of C3H10T1/2-Egr1 cells compared to C3H10T1/2 cells after 8 days of culture in the beige differentiation medium ( Figure 4A,B ). Under beige stimulation, C3H10T1/2 cells acquired a beige phenotype, visualized by the appearance of numerous small lipid droplets and UCP1 expression within their cytoplasm ( Figure 4A ). In contrast, C3H10T1/2-Egr1 cells did not express UCP1 under beige stimulation, showing that EGR1 repressed the expression of the key thermogenic beige marker ( Figure 4A ). Consistent with the absence of UCP1 protein ( Figure   4A ), Ucp1 mRNA levels were never increased in the presence of EGR1 ( Figure 4C ). This fits with EGR1 recruitment to Ucp1 promoter in SC-WAT ( Figure 2D ). However, small lipid droplets were still observed in C3H10T1/2-Egr1 cells, indicating that EGR1 repressed part of the beige phenotype through the repression of UCP1, but did not fully abolish the formation of lipid droplets ( Figure 4A ). The expression of Cebpb and Ppara genes was significantly reduced in C3H10T1/2-Egr1 cells compared to control cells as that of Cidea, Ogdh, Pank1, Sucla2 and Plin5 genes ( Figure 4C , Figure 4 -figure supplement 1E). This showed that beige differentiation and the heat-producing ability of C3H10T1/2 cells were impaired upon EGR1 overexpression. EGR1 overexpression also blocked white adipocyte differentiation in C3H10T1/2 cells ( Figure   4 -figure supplement 1A-D), as previously observed (Guerquin et al., 2013) . The inhibition of both beige and white differentiation programs by EGR1 is to be related with the direct (Cebpb) and indirect transcriptional regulation of generic adipogenesis genes by EGR1 ( Figure 2 ).
In order to assess whether EGR1 promotes the expression of ECM genes in mesenchymal stem cells in the context of adipocyte differentiation, we analysed the expression of Col5a2, Fn1
and Postn in C3H10T1/2 and C3H10T1/2-Egr1 cells during beige ( Figure 4C showing that EGR1 activated the expression of ECM genes during adipocyte differentiation. The positive regulation of ECM genes by EGR1 during adipocyte differentiation was consistent with similar regulation in the context of fibrosis, atherosclerosis and tendon repair (Guerquin et al. 2013; Buechler et al. 2015) . We conclude that forced EGR1 expression in mouse mesenchymal stem cells reduces beige marker expression, while promoting ECM gene expression.
In summary, the deletion of Egr1 induces WAT browning through recruitment to the Cebpb and Ucp1 promoters in mice without any cold stimulation or fasting ( Figure 5 ). The upregulated expression profile of beige differentiation markers and downregulated profile of ECM genes in Egr1-deficient WAT define a molecular signature of beige adipocyte differentiation program and constitute a protective signature against white adipocyte lipid accumulation. This study identifies Egr1 deficiency as a therapeutic approach to counteract obesity.
Materials and Methods
Mouse lines
The Egr1 gene was inactivated by homologous recombination with insertion of the LacZ coding sequence within the Egr1 5' untranslated region in addition to a frameshift mutation upstream of the DNA-binding domain of Egr1 (Topilko et al. 1998) . The line was maintained on a C57BL/6J background (Janvier, France). All animals were kept under controlled photo-period (lights on 08:00-20:00 hours) and a diet of commercial rodent chow and tap water ad libitum. All procedures using mice were conducted in accordance with the guidelines of the French National Ethic Committee for animal experimentation N°05 and are registered under the number 01789.02.
In situ hybridization to adipose tissue sections
Inguinal subcutaneous fat pads were isolated from 1-month-old female mice, fixed in 4% paraformaldehyde overnight and processed for in situ hybridization to 6 mm wax tissue sections as previously described (Bonnin et al., 2015) . The digoxigenin-labeled mouse Egr1 probe was used as described in Topilko et al., 1998. 
RNA isolation, sequencing and transcriptomic analysis
Fresh inguinal subcutaneous fat pads were removed from 2-week-old and 4-month-old euthanized Egr1 +/+ and Egr1 -/female mice and homogenized using a mechanical disruption device (Lysing Matrix A, Fast Prep MP1, 4 × 30 s, 6 m.s -1 ). Total RNA was isolated using the RNeasy mini kit (Qiagen) with 15 min of DNase I (Qiagen) treatment according to the manufacturer's protocol. Preparation of cDNA libraries and sequencing was performed at the "Ecole Normale Supérieure" Genomic Platform (Paris, France), from subcutaneous inguinal fat pads of three 2-week-old Egr1 +/+ mice and three 2-week-old Egr1 -/mice. Ribosomal RNA depletion was performed with the Ribo-Zero kit (Epicentre), using 500 ng of total RNA.
Libraries were prepared using the strand specific RNA-Seq library preparation ScriptSeq V2 kit (Epicentre). 51-bp paired-end reads were generated using a HiSeq 1500 device (Illumina). A mean of 56.9 ± 6.3 million reads passing the Illumina quality filter were obtained for each of the 6 samples. Reads were mapped against the mus musculus reference genome (UCSC Dec. 2011, GRCm38/mm10) using TopHat v2.1.0 (Kim et al., 2013) , Bowtie (v2.2.5) (Langmead et al., 2012) , and the Release M8 (GRCm38.p4) GTF annotations as a guide. Read counts were assigned to gene features using Feature Counts v1.4.6.p5 (Liao et al., 2014) and differential expression analysis was performed with DESeq2 v1.6.3 (Love et al., 2014) . Full details of the Galaxy workflow used in this study can be retrieved via the following link: https://mississippi.snv.jussieu.fr/u/emmanuellehavis/w/copy-of-grasostendon-differentialexpression-2. Gene Ontology analysis on differentially expressed genes (Padj<0.05) was performed with DAVID Bioinformatic Resources 6.8 (Huang et al., 2009) . Sequencing data was uploaded to the Gene Expression Omnibus (GEO) database under the accession number GSE91058.
Chromatin Immunoprecipitation
ChIP assays were performed with previously reported protocol (Havis et al., 2006) on the inguinal subcutaneous adipose tissue isolated from sixty 2-week-old mice, homogenized using a mechanical disruption device (Lysing Matrix A, Fast Prep MP1, 3x30 sec). Eight micrograms of the rabbit polyclonal anti-Egr-1/Krox24 (C-19) antibody (Santa Cruz Biotechnology) or 8µg of the goat antimouse IgG2b (Southern biotechnology) were used to immunoprecipitate 30µg of sonicated chromatin. ChIP products were analyzed by quantitative PCR. 15µg of chromatin was isolated before chromatin immunoprecipitation, to be used as positive control for the PCR experiments (Input). ChIP products and Inputs were analyzed by quantitative PCR to amplify the promoter regions upstream the Cebpb (-660bp; -530bp), Ppargc1a (-860bp; -730bp), Ucp1 (-170bp; +20bp) and Gapdh (-2,9Kb; -2,7Kb; negative control) coding sequences. The primer list is displayed in Supplementary table 1.
Cell cultures
Mouse mesenchymal stem cells, C3H10T1/2 (Reznikoff et al. 1973 ) and the stable Egr1 overexpressing counterparts, C3H10T1/2-Egr1 (Guerquin et al. 2013 ) cells, were plated on 6well plates at a density of 33,000 cells/well and grown in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen) supplemented with 10% foetal bovine serum (FBS, Sigma), 1% penicillinstreptomycin (Sigma), 1% Glutamin (Sigma), 800 μg/ml G418 Geneticin (Sigma) and incubated at 37 °C in humidified atmosphere with 5% CO2.
Confluent cells were cultured in beige differentiation induction medium for 2 days and in beige maturation medium for 6 days according to published protocols (Lone et al., 2015) . Day 0 corresponds to the addition of beige differentiation induction medium on confluent cells. Beige differentiation induction medium includes DMEM, 10% FBS, 1% penicillin-streptomycin, 10 µg/mL Insulin (Sigma), 0.25 µM Dexamethasone (Sigma), 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX, Sigma), 50 nM 3.3',5-Triiodo-L-thyronine sodium salt (T 3 , Sigma), 20 µM Curcumin (Sigma). The beige maturation medium comprises DMEM, 10% FBS, 1% penicillinstreptomycin, 10 µg/mL Insulin (Sigma), 50 nM 3,3',5-Triiodo-L-thyronine sodium salt (T 3 , Sigma), 20 µM Curcumin (Sigma), 1 µM Rosiglitazone (Sigma). The maturation medium was changed every 2 days. Cells subjected to beige adipocyte differentiation medium were fixed for histological analysis or lysed for gene expression analysis at Day 0, Day 1, Day 6 and Day 8.
Confluent cells were cultured in white differentiation induction medium for 2 days and in white maturation medium for 8 days. Day 0 corresponds to the addition of white differentiation medium. White differentiation induction medium includes DMEM, 10% FBS, 1% penicillinstreptomycin, 10 µg/mL Insulin (Sigma), 0.25 µM Dexamethasone (Sigma), 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX, Sigma), 30 nM 3.3',5-Triiodo-L-thyronine sodium salt (T 3 , Sigma).
The white maturation medium comprises DMEM, 10% FBS, 1% penicillin-streptomycin and 10 µg/mL Insulin (Sigma). The maturation medium was changed every 2 days. Cells subjected to white adipocyte differentiation medium were stopped at Day 0, Day 1, Day 4 and Day 10 for histological and gene expression analysis.
Cell number measurements were performed using the free software Image J (Rasband, W.S., Image J, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012).
Oil Red O staining
C3H10T1/2 and C3H10T1/2-Egr1 cells were cultured in beige or white adipocyte differentiation medium for 8 and 10 days, respectively. Cells were fixed with 4% Paraformaldehyde (Sigma) for 15 min and washed twice with excess distilled H 2 O (Millipore). 60% Isopropanol was added for 5 min and replaced with an Oil Red O (Sigma) staining mixture, consisting of Oil Red O solution (0.5% Oil Red O dye in Isopropanol) and water in a 6:4 ratio, for 15 min. Cells were rinsed three times in distilled H 2 O, followed by a standard Hematoxylin & Eosin staining protocol.
Immunohistochemistry
Fresh inguinal subcutaneous fat pads were removed from 1 and 4 month-old euthanized Egr1 +/+ and Egr1 -/female mice, fixed in 4% formaldehyde overnight at 4°C and processed for immunohistochemistry on 10 µm wax tissue sections, as previously described (Wang et al., 2010) . After wax removal, heat-induced epitope retrieval was performed by incubating sections 5 min at 95°C in Glycine-HCl buffer (0.05M Glycine, pH3.5). UCP1 protein was detected using rabbit polyclonal antibody (1:200, ab10983, Abcam), followed by secondary anti-rabbit HRP C3H10T1/2 and C3H10T1/2--Egr1 cells were cultured in beige or white adipocyte differentiation medium for 8 and 10 days, respectively, on cover slips. Cells were fixed with 4% Paraformaldehyde (Sigma) for 15 min. UCP1 protein was detected using rabbit polyclonal antibody (1:200, ab10983, Abcam), followed by secondary anti-rabbit HRP conjugate antibody 
Reverse-Transcription and quantitative real time PCR
For RT-qPCR analyses, 500 ng RNAs were Reverse Transcribed using the High Capacity Retrotranscription kit (Applied Biosystems). Quantitative PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) using primers listed in Supplementary Table 1. The relative mRNA levels were calculated using the 2^-ΔΔ Ct method (Livak and Schmittgen, 2001 ). The Cts were obtained from Ct normalized to Rplp0, Rn18S or Actb levels in each sample. For mRNA level analysis in SC-WAT, 5 to 7 independent RNA samples of 2-week-old and 4-month-old Egr1 +/+ and Egr1 -/female mice were analysed in duplicate. For mRNA level analysis of C3H10T1/2 and C3H10T1/2-Egr1 cell cultures, 6 independent RNA samples were analysed in duplicate for each time point.
Statistical analyses
Data was analysed using the non-parametric Mann-Withney test or ANOVA test with Graphpad Prism V6. Results are shown as means ± standard deviations. The p-values are indicated either with the value or with * or #. CM, acquisition, analysis and interpretation of data. KOA, contributed to unpublished essential data, analysis and interpretation of histology data, drafting the article. MO, analysis and interpretation of bioinformatics data. FC, acquisition of RNA-sequencing data. DD, conception, design, analysis and interpretation of data, drafting the article, funding. EH, conception, design, analysis and interpretation of data, drafting the article. 
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